This prompted us to examine whether WT SOD1 can selfpropagate misfolding of the G85R-SOD1:YFP protein akin to what has been observed with mutant SOD1. Using the G85R-SOD1:YFP mice, we demonstrate that misfolded conformers of recombinant WT SOD1, produced in vitro, induce MND with a distinct inclusion pathology. Furthermore, the distinct pathology remains upon successive passages in the G85R-SOD1:YFP mice, strongly supporting the notion for conformation-dependent templated propagation and SOD1 strains. To determine the presence of a similar misfolded WT SOD1 conformer in sALS tissue, we screened homogenates from patients diagnosed with sALS, fALS, and non-ALS disease in an organotypic spinal cord slice culture assay. Slice cultures from G85R-SOD1:YFP mice exposed to spinal homogenates from patients diagnosed with ALS caused by the A4V mutation in SOD1 developed robust inclusion pathology, whereas spinal homogenates from more than 30 sALS cases and various controls failed. These findings suggest that mutant SOD1 has prion-like attributes that do not extend to SOD1 in sALS tissues.
Introduction
Amyotrophic lateral sclerosis (ALS) has both a sporadic (sALS) and familial (fALS) etiology and causes a progressive paralysis due to the degeneration of both upper and lower motor neurons. With no known cure and very few therapeutic options, this disease ultimately leads to difficulties swallowing and breathing, and has a life expectancy after diagnosis from about 2-5 years. Between 5 and Abstract Evidence of misfolded wild-type superoxide dismutase 1 (SOD1) has been detected in spinal cords of sporadic ALS (sALS) patients, suggesting an etiological relationship to SOD1-associated familial ALS (fALS). Given that there are currently a number of promising therapies under development that target SOD1, it is of critical importance to better understand the role of misfolded SOD1 in sALS. We previously demonstrated the permissiveness of the G85R-SOD1:YFP mouse model for MND induction following injection with tissue homogenates from paralyzed transgenic mice expressing SOD1 mutations.
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10 % of all ALS, cases are familial, and of these, around 10-20 % are due to mutations in the superoxide dismutase 1 (SOD1) gene, of which there are now more than 170 mutations identified. These mutations cause a gain of toxic function via a mutation-induced conformational change that causes this normally soluble, extremely stable protein, to form insoluble aggregates that accumulate within the spinal cord and brain.
Although all patients affected by ALS succumb to paralysis, there is a large heterogeneity in the clinical course of the disease, indicating a number of variables affecting disease pathogenesis. This heterogeneity in SOD1-fALS produces diverse clinical symptoms that vary dramatically in the location of symptom onset (e.g., arm(s), leg(s), or bulbar), the degree of upper vs. lower motor neuron involvement, the age of onset (typically from 25 to 70 years of age), and the survival time (1-20+ years) [32] . In a study in which a number of phenotypic and biochemical properties were examined among many of the SOD1 mutations, the only correlation observed was between the mean disease duration of a particular SOD1 mutant and its aggregation propensity [32] . A similar type of sequence specified heterogeneity is also observed in prion diseases, where rare polymorphisms in the prion gene, prnp, dictate whether patients develop Creutzfeldt-Jakob disease (CJD), fatal familial insomnia (FFI), or Gerstmann-StrausslerScheinker disease (GSS) [21, 26] . In these diseases, the mutation-specific phenotypes are believed to arise due to prion strains [6, 15] , in which tertiary conformations of misfolded prion protein (PrP) are said to "encipher" the information that produces the diverse phenotypes [29] . The concept of protein strains reveals the impact that distinct protein conformers can have on the pathogenesis of misfolded protein disorders. It is, therefore, possible that the wide variety of SOD1 conformations brought about by the more than 170 point mutations described for SOD1 may impact the course of disease in fALS patients and account for some of the heterogeneity observed among fALS-SOD1 cases.
Interestingly, the symptoms associated with fALS are clinically indistinguishable from sALS patients, indicating the potential for a common pathogenic mechanism. Several recent studies have emerged, suggesting that WT SOD1 can undergo conformational changes, producing a toxic protein that can propagate the disease-causing conformation between cells, and when expressed in mice, can produce a phenotype characteristic of ALS. Oxidized and metal-free WT SOD1 have been demonstrated to acquire aggregation properties similar to mutant SOD1, and in addition, once administered to cells, these aggregates have displayed toxicity [12, 16] . In addition, in post-mortem tissue from a number of non-SOD1-linked sALS patients, the conformational SOD1 antibody C4F6, which preferentially binds to mutant over WT SOD1, revealed neuronal immunoreactivity [8] ; however, more recent studies have raised questions as to the usefulness of this antibody to detect misfolded WT SOD1 due to the antibody's complex epitope [4, 9] . Other conformational-specific SOD1 antibodies have been reported to detect immunoreactivity indicative of misfolded protein in all [17, 22, 30] or none of the cases they examined [25] . Despite these contradictory reports, WT SOD1 has been implicated as potentially being able to acquire the toxic characteristics of mutant SOD1 in studies in which mice overexpressing WT SOD1 were mated to mice expressing mutant SOD1 below the threshold level required for disease. Bigenic offspring of these crosses develops ALS symptoms, whereas mice expressing only the mutant protein do not [14, 24, 31] . Finally, studies by Graffmo et al. have shown that mating the high expressing Gur1 WT-SOD1 mice to homozygosity will produce ALS-like phenotypes [23] . Collectively, these studies reveal the possibility for WT SOD1 to adopt a toxic conformation similar to that observed for mutant SOD1 and imply the potential for WT SOD1 to play a pathogenic role in sALS.
We have previously demonstrated that injecting spinal cord homogenate prepared from paralyzed mutant SOD1 transgenic mice can accelerate motor neuron disease (MND) in transgenic mice expressing the G85R variant of SOD1 fused to YFP (G85R-SOD1:YFP) [2] . Accelerated disease progression was also observed in mice expressing untagged G85R SOD1 when young animals were similarly injected with spinal homogenates from paralyzed mutant SOD1 animals [7] . Here, we have advanced upon these studies in several ways. First, we identify two strains of mice expressing truncation mutants of SOD1 in which the disease course can be dramatically accelerated by injecting spinal homogenates from paralyzed mice into the spinal cords of young transgenic mice. Second, we demonstrate that aggregates of purified WT SOD1 induce MND in the G85R-SOD1:YFP mouse model with a distinct inclusion pathology. The distinct pathology is preserved by serial passage to naïve G85R-SOD1:YFP mice, suggesting that distinct strains of misfolded SOD1 conformers may produce distinct inclusion pathology. We have also developed an organotypic slice culture system prepared from the spinal cords of G85R-SOD1:YFP mice that support the propagation of misfolded SOD1 strains. Utilizing this ex vivo assay, we screened >30 post-mortem spinal cord homogenates obtained from patients clinically diagnosed with sALS, along with 5 cases from fALS patients (2 SOD1 and 3 non-SOD1), and 10 non-ALS diseased patients. Of the more than 50 different tissue preparations that were used, the induced misfolding of G85R-SOD1:YFP only occurred in cultures exposed to spinal homogenates from mutant SOD1-linked fALS cases. We conclude that although WT SOD1 can be misfolded in vitro into a conformation that can induce the propagation of inclusion pathology, any misfolded WT SOD1 conformers present in post-mortem spinal cord tissues from human sporadic ALS lack the same prion-like potential seen with homogenates from SOD1 mutant fALS cases.
Methods

Mice
All studies involving mice were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Florida in accordance with the NIH guidelines. All animals were housed one to five to a cage and maintained on ad libitum food and water with a 14-h light and 10-h dark cycle. All the strains of transgenic mice used in this study have previously been described: G85R-SOD1:YFP mice [37] , L126Z hSOD1 Line45 mice [38] , the V103Z hSOD1 Line D14 mice [39] , the α-synuclein M83 mice [19] , and the tau JNPL3 mice [27] . The G85R-SOD1:YFP mice are maintained on the FVB/NJ background, the JNPL3 on Swiss Webster, and the L45, D14, and M83 on a hybrid background of C57Bl/6 J and C3H/ HeJ. For identification of genotype, DNA was extracted from mouse tail biopsies and analyzed by PCR as previously described [39] .
Subjects
Tissues from human subjects were collected with patient consent and handled under protocols approved by the University of Florida's, Johns Hopkins, and Emory University's Institutional Review Boards. All samples were coded and de-identified. The total number of samples obtained and their clinical diagnosis is summarized in Table 2 .
Preparation of homogenates for inoculum
Homogenates to produce inoculum were prepared as previously described [2] . Briefly, spinal cords from the lines of SOD1 transgenic mice as indicated in the text were homogenized in PBS to produce a 10 % homogenate (w/v), containing 1:100 v/v protease inhibitor cocktail (Sigma, St. Louis, MO, USA) by sonication four times for 20 s each. Homogenates were then clarified by a low-speed spin at ~800×g for 10 min and the supernatants were aliquoted and placed at −80 °C.
Recombinant SOD1 purification and fibrillization
Recombinant hSOD1 proteins were expressed and purified as previously described [36] . Recombinant SOD1 was fibrillized using 50 μM of protein in 20-mM potassium phosphate, pH 7.2, with the addition of 10 mM TCEP‚ and for those samples used for screening fibril formation 4-μM thioflavin T was also added. Two hundred microliter of the protein solutions were incubated in a 96-well plate with the addition of a Teflon ball (1/8-in diameter) at 37 °C with constant agitation in a Synergy HT plate reader (BIO-TEK, Winooski, VT). Fluorescence measurements were recorded every 15 min using a λ ex = 440/30 filter to excite and a λ em = 485/20 filter to detect emission using the Gen5 software (v1.10.8).
Filter trap assay
Cellulose acetate membrane (0.22 μm; Sterlitech Corp., Kent, WA, USA) was pre-wet with 0.1 % SDS in PBS and sealed within a dot blot apparatus (Bio-Rad, Hercules, CA, USA). Following three rinses with 0.1 % SDS/ PBS, 1 μg of recombinant protein in PBS was added to the membrane and removed by vacuum filtration. The wells were washed with 0.1 % SDS/PBS three more times, the membrane was removed from the apparatus, rinsed in PBS-T for 5 min, and then blocked in 5 % milk/ PBS-T for 30 min. The membrane was then immunoblotted using the hSOD1 antibody at 1:2500 and imaged using the Pxi blot imaging system (Syngene, Frederick, MD, USA).
Electron microscopy
To ensure fibril formation, following in vitro fibrillization, SOD1-containing samples were absorbed to 300-mesh carbon-coated copper grids, washed, and stained with 1 % uranyl acetate. Using a Hitachi H7600 transmission electron microscope (Hitachi, Tokyo, Japan), images were captured at 100,000× magnification.
Animal inoculations
Spinal injections in neonatal mouse pups were performed as previously described [2] . Briefly, P0 neonatal pups were covered in aluminum foil and surrounded in ice until all movements stop and the skin color changes from pink to purple (5-10 min). Cryoanesthetized neonates were injected using a 10-μl syringe equipped with a 1-inch, 30-gauge needle with 30° bevel. The needle was inserted through the skin at midline, around 5 mm from the base of the tail. The needle was inserted into the vertebral column and 1 μl of the inoculum was slowly injected. After injections, pups were allowed to completely recover on a warming blanket and then returned to the home cage. After the procedure, mice were monitored to ensure full mobility and no signs of impairment.
Organotypic spinal cord slice cultures G85R-SOD1:YFP mouse pups at 7 days old were euthanized by CO 2 asphyxiation followed by immediate decapitation. The bodies were immediately placed in Hank's Balanced Salt Solution (HBSS) supplemented with 6.4-mg/ ml glucose. Spinal cords were dissected, cut to 350 μm sections using a McIlwain Tissue Chopper, then five spinal cord sections were placed onto the surface of each 0.4-μm Millipore Millicell-CM membrane insert. Inserts were placed into the wells of 6-well plates containing 1 mL of incubation medium (50 % (vol/vol) minimal essential medium-25 mM Hepes/25 % (vol/vol) heat-inactivated horse serum/25 % (vol/vol) HBSS) supplemented with 6.4-mg/ml glucose and 2-mM glutamine. Cultures were incubated at 37 °C in a 5 % CO 2 /95 % air humidified environment. Media were changed twice weekly. To test seeding ability, 1 μl of SOD1-containing preparations were added directly to the top of each spinal cord section following 1 week of incubation. To assess the titer of the seeding component in the spinal homogenates prepared from disease mice, we treated the slice cultures with twofold serial dilutions of the homogenates. The seeding dose (SD 50 ) was calculated according to the method of Reed and Muench [35] . To image spinal cord sections, incubation medium was removed and 4 % paraformaldehyde was added and incubated at room temperature for 4 h. The sections were then rinsed in PBS put directly onto slides, and coverslipped in Vectastain mounting media-containing DAPI (Vector, Bulingame, CA, USA).
Tissue collection
Mice were anesthetized with isoflurane and perfused transcardially with 20 ml of PBS followed by 20 ml of 4 % paraformaldehyde. The spinal cord and brain were immediately removed and placed in 4 % paraformaldehyde for 24-48 h at 4 °C prior to paraffin processing.
Immunohistochemistry
Seven microliter paraffin sections were deparaffinized and incubated in 95 % formic acid for 10 min. Following PBS washes, sections were blocked of endogenous peroxidases by immersion in 0.3 % H 2 O 2 in PBS for 20 min. Blocking of non-specific staining with normal goat serum in PBS-T was followed by overnight incubation at 4 °C with a 1:500 dilution of the C4F6 antibody (Medimabs, Montreal, Quebec, Canada) in PBS-T with 3 % normal goat serum. The sections were then incubated with a biotinylated secondary anti-mouse antibody (Vector Laboratories, Burlingame, CA) diluted 1:500 in PBS-T with 3 % normal goat serum followed by incubation with the ABC-horseradish peroxidase staining kit (Vector Laboratories). Sections were developed using the DAB staining kit (KPL, Gaithersburg, MD) and counterstained with hematoxylin. Images were taken using an Olympus BX60 microscope.
Fluorescence microscopy
Tissue to be examined for direct fluorescence tissue was impregnated with 30 % sucrose in PBS, mounted in OCT media (Sakura, The Netherlands), and sectioned to 30 μm using a cryostat, placed in a dish-containing anti-freeze solution (100-mM sodium acetate, 250-mM polyvinylpyrrolidone, and 40 % ethylene glycol) at pH 6.5, and stored at 4 °C. Sections were then mounted onto slides, air-dried overnight, and coverslipped in mounting media-containing DAPI (Vector, Bulingame, CA). Fluorescence images were either visualized on an epifluorescence Olympus BX60 microscope or imaged by confocal microscopy on a Nikon A1RMPsi-STORM4.0.
Quantification of inclusion pathology
Fluorescence images (n = 3) from three animals per injection cohort were taken and used for quantification of inclusion pathology. To reveal the difference in pathologies, the images were first opened in ImageJ (v1.8.0_73) and thresholded. Using the 'analyze particle' function, each of the inclusions was assigned a circularity value based on a built-in algorithm (4π
2 ) ranging from 0 (elongated polygon) to 1 (perfect circle).
Statistical analysis
Differences in the circularity of G85R-SOD1:YFP inclusions were analyzed by two-way ANOVA and Sidak's multiple comparisons test. All statistical analyses were performed using Prism 7.0 (GraphPad Software) with p < 0.05 considered statistically significant. The significance values in figures were indicated as follows: * (p ≤ 0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001).
Results
Recombinant WT SOD1 fibrils induce MND in the G85R:SOD1-YFP mouse model
We previously demonstrated the ability to induce MND through the exogenous administration of spinal homogenates from paralyzed SOD1 mice into the spinal cords of G85R-SOD1:YFP mice at postnatal day P0 [2] . This study revealed that some factor(s) were contained within these preparations that could induce the misfolding and aggregation of the G85R-SOD1:YFP protein. Although it is tempting to point to SOD1 as the factor, there may be a number of other molecules that could impact disease induction. Utilizing this injection paradigm, we injected a number of control inoculum to better characterize the inducing component contained within these homogenates. In addition to increasing the number of mice injected with PBS and homogenates from non-transgenic mice (first described in [2] ), we also injected a cohort of G85R-SOD1:YFP mice with homogenate prepared from an asymptomatic, heterozygous G85R-SOD1:YFP mouse. All of these cohorts were aged to ~20 months, displaying no clinical signs of MND or inclusion pathology upon examination of their spinal cords (Table 1 ). In addition, as disease controls, we prepared spinal cord homogenates from two transgenic lines of mice that develop a similar progressive paralytic phenotype as observed in SOD1 transgenic mouse lines. These mouse lines included the transgenic M83 line, which express human alpha-synuclein containing the A53T mutation [19] , and the JNPL3 line, which expresses human tau containing the P301L mutation [27] . Homogenates were prepared from a paralyzed M83 mouse and a paralyzed JNPL3 mouse and injected into the spinal cords of P0 G85R-SOD1:YFP mice. The mice are currently 13-15 months old and have displayed no signs of MND (Table 1) . One mouse from the M83 injected cohort (12.5 months) and two mice from the JNPL3 injected cohort (4.1 and 7.2 months) had to be euthanized for non-MND-related reasons, and upon examination of their spinal cords, no G85R-SOD1:YFP inclusions were observed. These control injections support the idea that the misfolded SOD1 protein in the spinal homogenates of paralyzed mutant SOD1 mice is the main factor that induces SOD1 pathology and MND when injected into the spinal cord of P0 G85R-SOD1:YFP mice.
To further investigate the seeding component, we tested whether recombinant SOD1 could be aggregated in vitro into a conformation that could similarly induce MND in this model. It has been commonly demonstrated that when shaken and incubated at 37 °C, recombinant SOD1 forms thioflavin positive aggregates that are fibrillar structures upon EM examination [5, 12] . We, therefore, fibrillized recombinant WT SOD1 (recWT) in a thioflavin T assay and ensured its fibrillar structure by both EM and filter trap assays (Fig. 1a-c) . A 50-μM recWT sample, not containing thiovlavin T, was run in parallel and used as inoculum in our G85R-SOD1:YFP mouse model for SOD1 seeding. Of the six P0 G85R-SOD1:YFP mice we injected within the spinal cord with these recWT fibrils, five developed MND, with an average time to end-stage of 10.1 ± 1.3 months ( Fig. 1d ; Table 2 ). When examining the spinal cords from these mice, we observed a unique pathology that appeared as mainly fibrillar deposits in the neuropil, and within a subset of cells, including motor neurons, a distinctive skein-like pathology was observed (Fig. 1e) . As negative controls, we also injected mice with unfibrillized recWT SOD1, or with PBS containing the reducing agent (tris(2-carboxyethyl)phosphine (TCEP)) used to aid in the fibrillation of WT SOD1. Of the six animals injected with unfibrillized recWT SOD1, three were harvested at 6.2-7.8 months of age due to unrelated health issues and lacked evidence of G85R-SOD1:YFP inclusion pathology, while the other three were euthanized at the experimental end-point of 16 months and displayed no symptoms or inclusion pathology ( Fig. 1d ; Table 1 ). One of the four mice injected with PBS and TCEP developed paralysis at 10.5 months of age, and upon examination, the spinal cord displayed sparse fibrillar G85R-SOD1:YFP inclusions. The other three animals within this cohort were aged to 16.8 months, never displayed symptoms, and contained no inclusion pathology within their spinal cords. These findings demonstrate the effectiveness of recombinant misfolded SOD1 to act as a seed and induce MND and inclusion pathology in the G85R-SOD1:YFP mouse model. Furthermore, it supports the idea that misfolded forms of WT SOD1 can induce inclusion formation and cause a pathogenic cascade. 
Serial passage of misfolded SOD1 conformers reveals distinct strain characteristics
We have previously demonstrated that the induction of MND and G85R-SOD1:YFP misfolding can be serially passaged, similar to that observed for prion strains [2] . For clarity purposes, diseased G85R-SOD1:YFP mice will be referred to by the initial inoculum injected and the number of passages. For example, G85R-SOD1:YFP mice that develop disease following injection with G93A homogenate will be referred to as G85R-YFP
G93A-P1
, whereas passaging of homogenate from these diseased G85R-SOD1:YFP mice back into naïve G85R-SOD1:YFP mice will be referred to as G85R-YFP G93A-P2
. To better understand the effects of serial passaging on the disease course, we passaged homogenates from diseased G85R-SOD1:YFP mice that had been induced with homogenate from a variety of SOD1 transgenic mouse lines (G93A, G37R, and L126Z). In every case examined, the second passage of homogenates resulted in an earlier onset of paralysis and an increase of incidence to almost 100 % (Table 2) . Similarly, when we passaged homogenate from paralyzed G85R-SOD1:YFP mice that had been injected with recWT fibrils (G85R-YFP recWT-P1 ) into naïve mice (G85R-YFP recWT-P2 ), 14 of the 14 mice injected at P0 developed paralysis at 3.9 ± 0.1 months, which was a significant acceleration over the first passage of WT SOD1 fibrils (9.1 ± 1.3 months) ( Table 2 ). These decreases in incubation period and increases in incidence observed upon second passage of these homogenates are similar to prion host adaptation and are thought to occur by the elimination of aminoacid sequence differences between the initial inducing prion conformer and the host [1, 10] . An additional explanation for these findings could be a difference in the transmission titer of the injected homogenates. To address this variable, we developed an organotypic spinal cord slice culture system prepared from the spinal cords of G85R-SOD1:YFP mice to detect the seeded misfolding of G85R-SOD1:YFP in a system that is less expensive and time-consuming as an end-point titration bioassay performed in animals. We found that the G85R-YFP G93A-P1 and G85R-YFP G37R-P1 homogenates, which resulted in significantly different incubation periods when injected into G85R-SOD1:YFP mice, had relatively similar seeding doses (SD 50 ) of 10 1.7 /μl and 10 1.6 / μl, respectively (Table 2 ). In regard to the second passage homogenates, the G85R-YFP G37R-P2 homogenate, which was associated with a significantly slower incubation period than G85R-YFP G93A-P2 , had a slightly higher SD 50 when compared with the G85R-YFP G93A-P2 homogenate (10 2.4 /μl versus 10 2.0 /μl) ( Table 2 ). This finding suggests that the cause for the disparate incubation periods in the mice was not due to differing levels of transmissible seeds in these tissues.
One of the properties used to define a particular prion strain is a distinct neuropathology that is consistent upon repeated passages in naïve hosts. While analyzing tissue from the first passage of homogenates into G85R-SOD1:YFP mice, we began to observe differences in the SOD1:YFP inclusions dependent on the inoculum injected. The most striking differences were found between those animals injected with homogenate from paralyzed animals versus those injected with recWT SOD1 fibrils. G85R-SOD1 G93A-P1 mice displayed punctate G85R-SOD1:YFP inclusions throughout the spinal cord that appeared both within the neuropil and within cell bodies, with occasional fibrillar inclusions detected in the neuropil (Fig. 2a) . In comparison, the paralyzed G85R-YFP recWT-P1 mice displayed mainly fibrillar inclusions within the neuropil and also revealed distinctive skein-like inclusions within cell bodies (Fig. 2a) . Surprisingly, passaging homogenates containing these distinct G85R-SOD1:YFP inclusions produced identical inclusions in the spinal cords of naïve injected G85R-SOD1:YFP mice (Fig. 2a) . To quantify these distinct pathologies, we analyzed the circularity of G85R-SOD1:YFP inclusions using algorithms contained in the ImageJ to define the thresholded inclusions from 0.0 (elongated polygon) to 1.0 (perfect circle) (Supplemental Fig. 1 ). Using this method, we observed a greatly skewed histogram towards 1.0 for the inclusions produced in G85R-SOD1:YFP G93A-P2 mice, indicating that the majority of inclusions were mainly circular (Fig. 2b, c) . In comparison, the inclusions from G85R-SOD1:YFP recWT-P2 mice displayed a more evenly distributed histogram, thereby supporting our observations that the inclusions from these mice were more fibrillar than the round, punctate inclusions observed following the G93A passages (Fig. 2b) . Second-passage G85R-SOD1:YFP G37R-P2 and G85R-SOD1:YFP L126Z-P2 mice displayed more of mixture of fibrillary and punctate inclusions, and yet, each could be distinguished from the other by the frequency of round inclusions (Fig. 2c) . In addition, the survival plots for G85R-SOD1:YFP in these second-passage experiments revealed that the time to paralysis varied according to mutant SOD1 used in the initial passage, providing additional evidence that distinct features of the mutant SOD1 used in the initial induction were retained in the second passage (Fig. 2d) .
To augment the in vivo animal studies, we utilized the G85R-SOD1:YFP organotypic spinal cord slice culture system as described above. We observed that after adding homogenates prepared from paralyzed mice of various SOD1 lines to these cultures, inclusions were induced that increased in abundance over time (Supplemental Fig. 2 ). When we treated these cultures with homogenates prepared from both the first and second passages of G93A or recWT fibrils, we observed the same distinct pathologies that were observed in vivo, primarily round inclusions upon treatment with G93A homogenate and primarily fibrillar pathology upon treatment with recWT homogenate (Fig. 2e) . Although the inclusions induced in vivo following injection with the second passages of G37R and L126Z homogenates produced a more heterogeneous population of inclusions, treatment of the slice cultures with these samples mainly produced fibrillar inclusions (Fig. 2e) . This finding may be a consequence of changes in tissue architecture in these ex vivo slice cultures. Despite the potential impact of culturing, we have confidence that the misfolded G93A SOD1 (in tissue homogenates) and recWT fibrils are capable of inducing distinct strains of misfolded G85R-SOD1:YFP and that these strains are preserved upon second passage in naïve G85R-SOD1:YFP mice.
Induction of accelerated MND in SOD1 transgenic mice expressing truncated versions of hSOD1
Transmission of MND has now been demonstrated in both tagged and untagged mouse models of the G85R variant of SOD1 [7] . We have previously demonstrated the inability to accelerate MND in transgenic mice expressing the G37R and G93A variants of SOD1 by tissue homogenate injections [2] . To better understand the permissiveness of MND in SOD1 transgenic lines and to determine whether the phenomenon is unique to G85R-SOD1, we examined mouse lines overexpressing two truncation mutants of SOD1. The first line examined expresses the L126Z mutation, and uninjected mice normally develop paralysis at 7.5 months of age (Fig. 3a) [38] . We prepared spinal cord homogenates from paralyzed L126Z mice and injected them into the spinal cord of newborn L126Z mice and non-transgenic littermates. All of the transgenic L126Z mice that were injected (n = 10) developed paralysis significantly sooner than the uninjected control transgenic mice, with an average age of paralysis of 3.1 months of age. When compared with age-matched uninjected mice, the spinal cords of the injected L126Z mice at disease endstage contained widespread C4F6 positive SOD1 inclusion immunoreactivity.
The same paradigm was used in another transgenic mouse line expressing the first 102 amino acids of SOD1 with mutations at histidines 46, 48, and 63 to eliminate copper binding (V103Z mice). Only ~30 % of mice from this line develop paralysis with an average age of end-point of 19.4 months [39] . However, when we injected spinal cords of newborn V103Z mice with homogenate prepared from a paralyzed V103Z mouse, all of the injected transgenic animals (n = 10) developed MND with an average age of onset of 3.7 months of age. Similar to the L126Z mice, the injected mice at disease end-stage exhibited widespread C4F6-immunoreactive inclusions within the spinal cords, whereas no inclusions were detected in uninjected agematched V103Z mice. Together, these findings identify two additional lines of mutant SOD1 mice that are susceptible to induced misfolding.
Tissue homogenates from sALS patients lack misfolded SOD1 conformers that can template G85R-SOD1:YFP misfolding
A number of studies have implicated misfolded WT SOD1 as a pathogenic factor in sALS cases [8, 23, 31, 34] . With the establishment of ex vivo slice cultures from G85R-SOD1:YFP mice as a useful model to detect the presence of misfolded SOD1 seeding conformers, we embarked on a study to screen post-mortem spinal cord homogenates prepared from sALS patients for the presence of misfolded SOD1 templating conformers. Our patient donors included 2 patients that had SOD1-linked fALS. Collectively, we tested homogenates from 49 non-SOD1-ALS samples, including those from 36 sALS cases, 3 C9orf72 fALS cases, 6 Alzheimer's Disease cases, and 4 non-neurologic control patients (Table 2) . A total of 10 individual slice cultures were exposed to each of the tissue homogenates and incubated for up to 1-month post-exposure to assess whether G85R-SOD1:YFP inclusion pathology developed. While remaining blinded to the primary diagnosis for the majority of samples, we identified only two samples that seeded G85R-SOD1:YFP inclusion pathology in the slice cultures ( Fig. 4; Table 3 ). Both of these cases were identified as spinal cords from patients carrying the A4V SOD1 mutation, which began to develop small punctate inclusions beginning ~7 days following exposure to the tissue homogenates. The induction of G85R-SOD1:YFP inclusion pathology by the A4V tissue homogenates was very efficient, with 26 of 35 slices exposed to homogenate developing obvious inclusions ( Fig. 4; Table 3 ). Furthermore, we determined the SD 50 for the 2 A4V homogenates by end-point dilution using the slice cultures to be 10 0.9 / μl and 10 1.1 /μl (Table 3) . We, therefore, conclude from this data that spinal cords from sALS patients do not contain the same type, or amount, of misfolded SOD1 seeding conformers that are present in tissues from A4V-SOD1-fALS cases or transgenic mice expressing ALS-mutant SOD1.
Discussion
Misfolded conformers of WT SOD1 have been implicated to have a toxic role in cases of sALS, which comprise greater than 80 % of all ALS cases [8, 23, 31, 34] . Given that several therapeutic strategies targeting SOD1 are under development, it is important to better understand the potential contribution of misfolded SOD1 in sporadic disease. Using in vitro fibrillized recombinant WT SOD1, we first demonstrated that misfolded WT SOD1 induces MND and inclusion pathology in G85R-SOD1:YFP mice and in an ex vivo organotypic spinal cord slice culture prepared from these mice. These findings support in vitro data demonstrating the ability for WT SOD1 fibrils to induce misfolding of SOD1 [13, 22] and reveal that misfolded SOD1 protein itself is capable of inducing pathology without the need of additional factors. We also demonstrate that misfolded Table 3 documents the number of slices examined for each tissue homogenate preparation Table 3 Treatment 
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SOD1 can produce two distinct types of inclusion pathology, spherical or fibrillar. Spinal tissues from G93A mutant SOD1 mice induce spherical inclusions, whereas the inclusions induced by fibrillized WT SOD1 and spinal tissues from G37R mutant mice are fibrillar. Tissues from L126Z mutant mice produce a mixed inclusion pathology. These distinct pathologies were retained when MND was passaged to a second cohort of G85R-SOD1:YFP mice. Second-passage studies also revealed that these strains of misfolded SOD1 differed in their interval to paralysis after injection (or incubation period when using prion terminology). We identify two new lines of SOD1 mice that are permissive to accelerated paralysis by injection of tissues from paralyzed mutant SOD1 mice. Finally, we demonstrate that spinal tissues from human SOD1-linked ALS have the same capacity to accelerate paralysis as first identified in transgenic mouse tissues. Although we are certain that recWT SOD1 fibrils seed a distinct strain of misfolded G85R-SOD1:YFP, we cannot rule out the possibility that the method of producing the recWT fibrils did not contribute to disease induction. Notably, one of the 4 G85R-SOD1:YFP mice injected at P0 with PBS containing the reducing agent, TCEP, developed paralysis with sparse fibrillar inclusion pathology. A reducing agent, such as TCEP or dithiothreitol (DTT), is commonly added to SOD1 fibrillization assays to break the intramolecular disulfide bonds within the SOD1 molecule, thereby monomerizing the protein and aiding in fibril formation [12, 33] . To determine whether TCEP alone might have been responsible for the induction of G85R-SOD1:YFP misfolding, we exposed our slice culture models to various samples containing TCEP, including concentrations 10 times greater than that used to prepare the WT SOD1 fibrils (100 mM), and found no evidence of induced misfolding (Supplemental Fig. 3 ). We currently view the one case of induced MND by TCEP injection as an inexplicable outlier. Importantly, even if the TCEP in the recWT fibril preparations had some influence on the initial induction, the fact remains that recWT fibrils containing TCEP produced a distinct strain-like pathology that was heritable upon subsequent passages in G85R-SOD1:YFP mice. This finding provides strong evidence that misfolded WT SOD1 seeded a novel misfolded conformation that could be propagated in a fashion that resembles templated misfolding.
We previously demonstrated the ability to induce MND through the exogenous administration of spinal homogenates from paralyzed SOD1 mice into the spinal cords of G85R-SOD1:YFP mice [2] . In contrast, we now demonstrate that spinal homogenates prepared from two other mouse models (mutant a-synuclein and mutant tau), which both exhibit progressive motor paralysis and extensive spinal cord pathology, do not induce paralysis nor inclusions when injected into G85R-SOD1:YFP mice. These findings further support the idea that misfolded conformers in the spinal cords of paralyzed mutant SOD1 mice can penetrate cells and induce the propagation of mutant SOD1 misfolding. In addition, studies have demonstrated a similarity in immunomodulatory factors expressed throughout the course of disease in patients and mouse models of Alzheimer's disease, Parkinson's disease, and ALS [20] . The fact that homogenates prepared from these other non-SOD1 paralyzed transgenic mice were unable to induce MND in the G85R-SOD1:YFP mouse model provides more evidence for misfolded SOD1 as the seeding factor, rather than induction of misfolding due to neurotoxic mediators.
To assess the presence of misfolded SOD1 conformers capable of inducing inclusion pathology in human tissue, we screened post-mortem spinal cord homogenates from ALS patients and controls in organotypic spinal cord slices prepared from G85R-SOD1:YFP mice. Spinal cord slices incubated with tissue homogenates from either of two A4V SOD1-fALS cases accumulated G85R-SOD1:YFP inclusions, indicating that spinal tissues from human mutant SOD1 ALS cases contain the same types of prion-like misfolded SOD1 as the mutant transgenic mice. Homogenates prepared from spinal tissues from sALS cases or controls (C9orf72 fALS, Alzheimer's Disease, and non-neurologic control cases) were unable to induce pathology in the G85R-SOD1:YFP slice cultures following an extended incubation. The most conservative interpretation of our data is that tissues from sporadic ALS cases have very distinct strains of misfolded WT SOD1 which are less potent in inducing G85R-SOD1:YFP inclusion pathology. An alternative interpretation is that the misfolded SOD1 species capable of inducing pathology is far less abundant in sALS tissue than it is in the A4V SOD1-fALS tissue. Based on the titer of transmissible misfolded SOD1 in the A4V homogenates, it can be assumed that the transmissible species in the sALS homogenates are at least tenfold less abundant. In either case, our data reinforce the notion that SOD1-linked ALS and sALS are pathologically distinct.
A number of recent studies have demonstrated that SOD1 possesses properties similar to those observed for prions, such as its ability to move from cell-to-cell, induce the misfolding and aggregation of both mutant and WT SOD1, and propagate along neuroanatomical pathways throughout the CNS [3, 22, 28] . The idea of SOD1 possessing prion strain-like properties has been suggested previously, and recently, two SOD1 mutant proteins were shown to have distinct conformations that were maintained upon primary passage in G85R-SOD1 transgenic mice [7] . Historically, prion strains are defined by characteristic incubation periods and neuropathological features that are maintained upon experimental passage [18] . Using various SOD1 mutant proteins, prepared from either spinal homogenates or fibrillized recombinant protein, we demonstrate distinct incubation periods and inclusion pathologies following multiple passages in G85R-SOD1:YFP mice. When compared with the primary passages, the secondary passages of G93A, recWT, G37R, and L126Z homogenates all resulted in an increased penetrance in G85R-SOD1:YFP mice and a decrease in their incubation periods by ~50 %. This characteristic is referred to as "host adaptation" in the prion field and is believed to be the result of greater compatibility between the inducing seed and the host target when the sequences of each are identical [1, 10] . When comparing the incubation periods among the different second-passage homogenates, we found a significant difference between them, further implicating the existence of SOD1 strains. As for the distinct pathologies we observed, the most striking difference was between the G93A homogenates, which produced round, punctate inclusions, and the recWT homogenates, which produced fibrillar and skein-like inclusions. Importantly, these pathologies were heritable upon the second passage of the homogenates and were also observed when the homogenates were added to the spinal cord slice cultures prepared from G85R-SOD1:YFP mice. Given the extensive literature on the behavior of prion strains, the most plausible explanation for the distinct pathologies we observed as a function of inoculum, is that unique SOD1 conformations exist within the tissue homogenates, and they act as templates when injected into naïve G85R-SOD1:YFP mice; a process known as conformationdependent templated propagation.
Prior to these studies, the only demonstration of transmissibility of SOD1-mediated MND has been in transgenic mice that express the G85R variant of SOD1 [2, 7] . We present here two additional transgenic lines which upon syngeneic transmission of spinal homogenates from diseased mice produced a dramatically decreased age to paralysis when compared with the uninjected mice. Both of these lines express truncated versions of SOD1 that lack the homodimer interface and are, therefore, incapable of forming a mature and stable SOD1 dimer. Interestingly, the G85R variant has also been reported to exist mainly as a disulfide-reduced, monomeric protein [11, 40] , potentially highlighting a critical factor in defining which SOD1 transgenic mouse models might be permissive for SOD1-MND transmission.
There are currently a number of therapeutic trials in SOD1-fALS patients aimed at slowing disease progression by SOD1 gene-silencing therapies that may prove to be effective in the sALS patients as well, if in fact, SOD1 has a pathogenic role in these patients. Our studies suggest that non-SOD1 ALS tissues do not harbor the same type of misfolded "transmissible" SOD1 that is present in mutant SOD1-ALS cases. However, the potential for SOD1 to adopt different strain-like conformations leaves open the potential for some type of misfolded SOD1 that transmits poorly to be involved in the pathogenesis of sporadic ALS. Clearly, the best test of whether misfolded SOD1 has any role in the pathogenesis of non-SOD1 ALS would be to have an SOD1-gene-silencing therapy, or other SOD1 targeting therapy, that is remarkably effective in the SOD1-ALS cases translate to non-SOD1-linked patients. Our demonstration that tissues from SOD1-ALS patients have the capacity to induce the misfolding of G85R-SOD1:YFP indicates the presence of conformational seeds that can spread between cells. How quickly and how broadly these seeds spread in patients before the onset of symptoms could dictate how effective the gene-silencing therapies might be in SOD1-ALS patients.
